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Abstract

:

The supported Ni-P catalysts (marked as s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3)) were prepared by an incipient wetness step-impregnation method, and characterized by XRD, N2 physisorption, TEM, XPS, and NH3-TPD. The catalytic hydrodeoxygenation (HDO) performance was assessed using phenol in water (5.0 wt%) or in decalin (1.0 wt%) as the feed. After the introduction of Ce, the conversion of phenol increased due to the high dispersity of the active site. However, compared to s-Ni-P/Hβ(3), the amount of total and strong acid sites of s-Ni-P/Ce-β(3) decreased, restraining the cycloisomerization of cyclohexane to form methyl-cyclopentane. Moreover, the kinetics of the APHDO and OPHDO of phenol catalyzed by s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3) were investigated.
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1. Introduction


Bio-oils are promising sources for the production of sustainable engine fuels. However, due to the high oxygen content (45~50 wt%), bio-oils are thermolabile and have a low heating value and high viscosity [1]. Hydrodeoxygenation (HDO) is regarded as the most promising route for reducing the oxygen content [2]. Water not only accounts for about 20% of the mass composition of bio-oil, but is also a by-product in HDO. Nowadays, the mixing refining between petroleum and bio-oil attracts more attention. Thus, it is necessary to investigate the HDO performance both in the aqueous phase (APHDO) and the oil phase (OPHDO).



The traditional HDO catalysts were Mo-S or W-S, which were effective in removing oxygen from bio-oils. However, the sulfur was easily replaced by oxygen, leading to the progressive deactivation caused by the destruction of the catalytic phase [3,4,5]. As a result, the non-sulfide catalysts, including metals (precious and base metals) [6,7,8,9,10,11,12,13,14,15,16] and intermetallic compounds (metal carbides, metal nitrides, and metal phosphides) [17,18,19,20,21,22,23,24], have attracted more attention in upgrading bio-oils. Nickel phosphide (including Ni2P, Ni12P5, Ni3P, and so on) exhibited high catalytic activity in the HDO of phenolic compounds [21,23,25,26,27].



The HDO of phenolic compounds to form cycloalkanes was proceeded by the hydrogenation (HYD) pathway, which requires a metal–acid bi-functional catalyst. Hβ was widely used as the catalyst or support and showed high performance in bio-mass conversion [28,29,30]. However, the overly strong acidity tended to deactivate the catalyst by carbon deposition. Ceria was amphoteric between acid and base [31], which could be used to regulate the acidity of zeolite [32,33,34]. Compared with the bulk Ni3P, the addition of Ce significantly influenced the particle size and acidity of the Ni3P catalyst, accelerating both hydrogenation and C-O bond cleavage during the HDO of phenolic compounds [35].



In this context, the aim of the current work was to survey the HDO of phenol in both aqueous and oil phases using nickel phosphide supported on Hβ and Ce-β. The synthesis of the supported catalysts was achieved using phosphate precursors by the step-impregnation method. Approximately 25% of oxygenates in pyrolysis bio-oils were phenolic compounds, which were difficult to remove in HDO treatments [36]. Hence, the catalytic HDO of the prepared catalysts was carried out using phenol as the model substrate. This study could provide important practical information for upgrading pyrolysis oils.




2. Results and Discussion


2.1. Characterization


2.1.1. XRD


Figure 1 shows the XRD patterns of the support and the catalysts. As seen in Figure 1a, after the impregnation of Ce, the crystalline Hβ was not changed, but the peak intensity decreased. The peaks at 28.6, 33.1, 47.5, 56.3, and 76.7° were ascribed to the (111), (200), (220), (311), and (331) planes of CeO2, respectively. Moreover, the XRD patterns of nickel phosphides for s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3) were Ni-Ni3P-Ni12P5. Compared with s-Ni-P/Hβ(3), the full width at half maxima (FWHM) of the Ni3P crystal phase was wider, indicating that the Ni3P crystal size of the s-Ni-P/Ce-β(3) catalyst was smaller.




2.1.2. N2 Physisorption


After the impregnation of CeO2, the BET surface area (SBET) of the support decreased from 358.3 to 230.4 m2·g−1 (Table 1). Moreover, compared to the support, after the preparation of nickel phosphide the SBET of s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3) decreased to 295.8 and 153.7 m2·g−1, respectively. The decreasing trend of SBET could be due to the pore blockage by the impregnation components.




2.1.3. TEM


The TEM images of s-Ni-P/Hβ and s-Ni-P/Ce-β are shown in Figure 2. It can be seen that, compared with s-Ni-P/Hβ, the s-Ni-P/Ce-β catalyst had smaller particles (the mean particle size decreased from 17.3 to 11.6 nm), indicating that the incorporation of Ce was beneficial to the formation of smaller particles, increasing the dispersity of active sites.




2.1.4. XPS


Figure 3 shows the XPS spectra of the s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3) catalysts in the regions of Ni 2p3/2 and P 2p3/2. The electron density of nickel phosphides is shared between the metal and phosphorus atoms because of the characteristics of covalent compounds [37,38]. Three peaks were observed by deconvolution of the broad band of Ni 2p3/2. One peak (852.8–853.1 eV) was usually attributed to the reduced Niδ+ species, while the other two peaks (856.8 eV and 862.6) were due to the oxidized Ni2+ species [39,40]. Similarly, the band of P 2p3/2 could be deconvoluted into two peaks at 129.7–130.0 eV and 133.4–133.5 eV, ascribed to the Pδ− and P5+ species, respectively. Prior to XPS analysis, the samples were inevitably exposed to the air, leading to the formation of oxidized Ni2+ and P5+ species [41]. Compared with the s-Ni-P/Hβ(3) catalyst, the introduction of Ce decreased the Niδ+ binding energy from 853.1 eV to 852.9 eV, but increased the Pδ− binding energy from 129.7 eV to 130.0 eV, indicating the reduced transfer of electron density from Ni to P atoms caused by Ce [42,43].




2.1.5. NH3-TPD


Figure 4 shows the NH3-TPD curves of s-Ni-P/Hβ and s-Ni-P/Ce-β. The s-Ni-P/Hβ catalyst possessed three desorption peaks at 188, 235, and 403 °C, ascribed to weak, medium, and strong acid sites, respectively. However, two desorption peaks at 179 and 399 °C, ascribed to weak and strong acid sites, were observed for the s-Ni-P/Ce-β catalyst. After introducing Ce, the acid strength of both weak and strong acids decreased for the lower desorption peak position, while the medium acid sites disappeared. As seen in Table 1, the total number of acid sites decreased after the introduction of Ce. It has been frequently reported in the literature that the modification of rare earth oxides decreased the acidity, enhanced the oxygen mobility, and improved the metal dispersion of the supported Ni catalysts [44]. After the impregnation of Ce on Hβ, the amount of acid sites decreased by about two thirds [34]. The introduction of CeO2 to Cu/HZSM-5 decreased the amount of both moderate and strong acid sites, while the weak acid sites were slightly affected [33]. A partial exchange of rare earth cations reduced the acid site strength of HY, because the electronegativity of rare earth cations was lower compared to that of protons [32].





2.2. Catalytic Activity


2.2.1. HDO of Phenol in Aqueous Phase (APHDO) and Oil Phase (OPHDO)


Figure 5 shows the APHDO performance of phenol over s-Ni-P/Hβ(3), s-Ni-P/Ce-β(3), and Ni/Hβ catalysts. Over these catalysts, the main products were cyclohexanol, cyclohexane, and methyl-cyclopentane, with a small amount of cyclohexanone and cyclohexene, indicating that the APHDO of phenol was mainly proceeded in the HYD pathway. Compared to the s-Ni-P/Hβ(3) catalyst, the APHDO performance of s-Ni-P/Ce-β(3) increased, especially at low temperatures. At 150 °C, the conversion of phenol increased from 65.8% to 90.6%. As discussed above, the enhanced reactivity of the catalyst in the APHDO of phenol after the impregnation of Ce might be due to the high dispersity and low transfer of electron density from Ni to P. At 350 °C after the introduction of Ce, the selectivity to methyl-cyclopentane decreased from 21.0% to 7.8%, which was consistent with the decrease in strong acid content (Figure 4 and Table 1). However, beneath 350 °C, the selectivity to cyclohexanol and cyclohexane changes slightly, owing to the small decrease in the sum of weak and medium acid content. In addition, the Ni/Hβ catalyst exhibited the worst APHDO performance (Figure 5c), indicating that the nickel phosphide crystal phase was more active than metallic Ni [25]. In our previous study, we found that the activity of the nickel phase decreased as follows: Ni3P > Ni12P5 > Ni2P [40]. Due to the smaller crystal size of Ni3P (Figure 1b), the s-Ni-P/Ce-β(3) catalyst exhibited superior HDO activity than s-Ni-P/Hβ(3).



Figure 6 shows the HDO of phenol in decalin over the s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3) catalysts. Analogous to s-Ni-P/Hβ(3), over the s-Ni-P/Ce-β(3) catalyst the conversion of phenol was about 100%, with the main products of cyclohexane, methyl-cyclopentane, and cyclohexene under the same reaction conditions. Compared to s-Ni-P/Hβ(3), the decrease in methyl-cyclopentane (the cycloisomerization product) could also be due to the decrease in the amount of strong acid. Compared with the fresh s-Ni-P/Hβ(3) catalyst, the XRD pattern of the spent s-Ni-P/Hβ(3) catalyst remained unchanged (Figure 7), indicating that the crystal phase was stable in the HDO of phenol.




2.2.2. Kinetic Analysis in Aqueous Phase and Oil Phase HDO of Phenol


To study the kinetics of phenol HDO in the aqueous phase, the catalytic performance of s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3) was investigated at 250–325 °C and 0.09–0.28 g·min·mol−1. Figure 8 shows the APHDO performance of phenol over the s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3) catalysts. When −ln(1 − x) and weight time were assigned to the vertical coordinate and horizontal coordinate, respectively, two straight lines through the origin were fitted at each temperature for the s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3) catalysts. It could be concluded that the APHDO of phenol could be treated as a pseudo-first-order kinetics on the variation in phenol concentration. According to the equation: −ln(1 − x) = kτ, the rate constants (k) for phenol APHDO at various temperatures were the slopes of the lines. The calculated k values are summarized in Table 2. Compared to the s-Ni-P/Hβ(3) catalyst, the rate constant of s-Ni-P/Ce-β(3) increased, indicating that the hydrogenation of phenol in the aqueous phase was enhanced after the introduction of CeO2.



Figure 9 shows the OPHDO performance of phenol over the s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3) catalysts at 150–225 °C and 0.09–0.28 g·min·mol−1. Similarly, two straight lines through the origin were fitted at each temperature for the s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3) catalysts, suggesting that the reaction order of phenol OPHDO with respect to the phenol concentration was one. The rate constants, calculated by fitting the slope of the lines, are listed in Table 3.



When ln(k) (k represents the rate constant) was plotted against 1/T, a linear relationship was established in both the aqueous-phase and oil-phase HDO of phenol over the s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3) catalysts (Figure 10). The activation energy (Ea) was calculated according to the Arrhenius equation by fitting the slope of the line and is listed in Table 2 and Table 3. Compared to the s-Ni-P/Hβ(3) catalyst, the Ea of phenol HDO over the s-Ni-P/Ce-β(3) catalyst decreased in the same conditions, both in the aqueous phase and the oil phase. It could be concluded that, after the addition of CeO2, the reaction rate of phenol HDO was elevated.






3. Materials and Methods


3.1. Materials


All reagents were analytical pure grade and purchased from Sinopharm Group CO. LTD., China. They were used as provided: Ni(NO3)2·6H2O, (NH4)2HPO4, Ce(NO3)3·6H2O, Hβ, quartz sand, decalin, dichloromethane, anhydrous MgSO4, phenol.




3.2. Catalyst Preparation


Ce-β was prepared by incipient wetness impregnation, with the amount of Ce loading of 12.5 wt%. Under constant stirring, 1 mL Ce(NO3)3·6H2O solution (0.36 g·mL−1) was dripped on 1.0 g Hβ dropwise, aged (ambient temperature for 12 h), and dried (120 °C overnight) subsequently. Then, the solid was calcined at 450 °C for 3 h to obtain the final product, marked as Ce-β.



The oxidic precursor of supported Ni-P catalysts was prepared by incipient wetness step-impregnation. The initial Ni/P molar ratio was 3, with the amount of Ni loading maintained at 20 wt%. The procedure of impregnation, aging, and drying were similar to the preparation of Ce-β. Then, the obtained product was calcined at 500 °C for 3 h to form the nickel-containing precursor. Afterwards, the phosphorus source ((NH4)2HPO4) was impregnated onto the previous precursor following the analogous procedure to obtain the final oxidic precursor.



The nickel phosphide catalysts were obtained by the in situ temperature-programmed reduction (TPR) of the oxidic precursors in H2. The precursor was heated from 20 °C to 400 °C in 190 min, then to 500 °C in 100 min, and kept at 500 °C for 180 min, with the H2 flow of 150 mL·min−1. The obtained catalysts were named as s-Ni-P/support(3).




3.3. Catalyst Characterization


The reduced samples were easily oxidized. Before exposure to air, the samples were passivated in an O2/Ar (0.5 vol%) flow (20 mL·min−1) at room temperature for 120 min.



The crystal phase of the catalysts was analyzed by X-ray diffraction (XRD) measured with a Rigaku D/Max 2400 diffractometer (Japan) equipped with nickel-filtered Cu-Kα radiation (at 40 kV and 100 mA). A Multilab 2000 X-ray photoelectron spectrometer (XPS, USA) with a Mg-Kα source was used to obtain the XPS spectra. The N2 adsorption isotherms of the catalysts were measured on a Micrometritics Tristar II (3020 model, USA) at −196 °C. The specific surface area was calculated by the BET method.



The TEM images of the catalysts were observed using FEI Tecnai G2 F30 transmission electron microscope equipment (USA, 300 kV). Before measurement, the samples were dispersed in ethanol by ultrasonic treatment. The ethanol suspension was dripped onto a Cu grid coated with carbon, and then dried under an infrared lamp.



The NH3-TPD curves were recorded on a Chembet-3000 (Lab-made) equipped with a TCD. Prior to measurement, the passivated samples needed to be re-reduced (in H2 at 500 °C for 1 h) to remove the passivation layer. Afterwards, the sample was cooled naturally to 40 °C and adsorbed NH3 for 30 min. As the temperature increased (from 40 °C to 500 °C at 10 °C·min−1), the desorption signal was collected. The acid amount was calibrated by integrating the desorption peaks with a standard sample (zeolite HZSM-5) as the reference.




3.4. Catalytic Performance in HDO


The catalytic activity was evaluated in a fixed-bed reactor (Lab-made) (stainless steel, 10.0 mm i.d.) with phenol as the reactant. A 0.2 g catalyst precursor (0.4–0.8 mm) was loaded on the constant temperature zone and was transformed in situ into the catalytic phase (metal phosphide) in a 150 mL·min−1 H2 flow. The reduction procedure was in accordance with the catalyst preparation. Afterwards, the reactor was naturally cooled to the reaction temperature, elevating the total pressure to 4.0 MPa. The HDO reactions were carried out at WHSV of 30 h−1, with phenol (5.0 wt% in water or 1.0 wt% in decalin) as the reactant. The liquid product was collected and analyzed every 2 h. In the APHDO of phenol, dichloromethane was used to extract the organic samples from aqueous products. Prior to gas chromatograph (GC) analysis, the samples were dried using anhydrous MgSO4. The GC (Agilent 6890, USA) was equipped with an HP-INNOWax capillary column (30 m × 320 µm × 30 µm) and a flame ionization detector. In the OPHDO of phenol, the products were analyzed directly, eliminating the extraction and drying procedure. The carbon balance was over 98% in the HDO of phenol over these catalysts.





4. Conclusions


Ce was presented in the form of CeO2 during the preparation of the s-Ni-P/Ce-β(3) catalyst. Compared to s-Ni-P/Hβ(3), s-Ni-P/Ce-β(3) presented higher hydrogenation activity of phenol due to the increased dispersity of Ni3P. After the introduction of CeO2, the amount of total and strong acid sites decreased, suppressing the cycloisomerization of cyclohexane to methyl-cyclopentane. Utilizing, optimizing, and modifying the supports to prepare an excellent HDO catalyst is attractive.
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Figure 1. XRD patterns of (a) Hβ and Ce-β, (b) s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3). 
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Figure 2. TEM images of (a) s-Ni-P/Hβ and (b) s-Ni-P/Ce-β. 
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Figure 3. XPS spectra of s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3) in the region of (a) Ni 2p3/2 and (b) P 2p3/2. 
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Figure 4. NH3-TPD curves of s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3). 






Figure 4. NH3-TPD curves of s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3).



[image: Catalysts 14 00475 g004]







[image: Catalysts 14 00475 g005] 





Figure 5. Catalytic performance of (a) s-Ni-P/Hβ(3), (b) s-Ni-P/Ce-β(3), and (c) Ni/Hβ in APHDO of phenol. 
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Figure 6. Catalytic performance of (a) s-Ni-P/Hβ and (b) s-Ni-P/Ce-β(3) in OPHDO of phenol. 
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Figure 7. XRD patterns of fresh and spent s-Ni-P/Hβ(3) catalysts. 
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Figure 8. Kinetic analysis of s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3) in APHDO of phenol at (a) 250, (b) 275, (c) 300, and (d) 325 °C. 
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Figure 9. Kinetic analysis of s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3) in OPHDO of phenol at (a) 150, (b) 175, (c) 200, and (d) 225 °C. 
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Figure 10. The kinetic study of the (a) APHDO and (b) OPHDO of phenol over s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3). 
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Table 1. The physical and chemical properties of s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3).
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Catalyst

	
SBET (m2·g−1)

	
XRD Phase

	
Particle Size (nm) 1

	
Amount of Acid Sites (mmol·g−1) 2




	
Weak

	
Medium

	
Strong

	
Total






	
Hβ

	
358.3

	
-

	
-

	

	

	

	




	
Ce-β

	
230.4

	
-

	
-

	

	

	

	




	
s-Ni-P/Hβ(3)

	
295.8

	
Ni-Ni3P-Ni12P5

	
17.3

	
0.63

	
0.77

	
0.39

	
1.79




	
s-Ni-P/Ce-β(3)

	
153.7

	
Ni-Ni3P-Ni12P5

	
11.6

	
1.29

	
-

	
0.15

	
1.44








1 Measured from TEM images. 2 Calculated from NH3-TPD curves.













 





Table 2. Kinetic analysis of APHDO over s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3).
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Catalyst

	
Rate Constants (mol·g−1·min−1) 1

	
Apparent Activation

Energy (kJ·mol−1) 2




	
250

	
275

	
300

	
325






	
s-Ni-P/Hβ(3)

	
3.0

	
4.8

	
6.1

	
8.9

	
36.8




	
s-Ni-P/Ce-β(3)

	
4.4

	
6.5

	
7.9

	
11.0

	
30.7








1 Calculated by pseudo-first order. 2 Calculated by Arrhenius equation.













 





Table 3. Kinetic analysis of OPHDO over s-Ni-P/Hβ(3) and s-Ni-P/Ce-β(3).
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Catalyst

	
Rate Constants (mol·g−1·min−1)

	
Apparent Activation

Energy (kJ·mol−1)




	
150

	
175

	
200

	
225






	
s-Ni-P/Hβ(3)

	
5.5

	
10.4

	
15.1

	
23.7

	
33.5




	
s-Ni-P/Ce-β(3)

	
6.9

	
12.0

	
16.9

	
24.9

	
29.4
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